Diabetic nephropathy (DN) is a leading cause of end-stage renal disease. To search for glomerular proteins associated with early-stage DN, glomeruli of spontaneous type 2 diabetic KKAy mice were analyzed by 2-dimensional differential gel electrophoresis (2D-DIGE).
Background
Diabetic nephropathy (DN) is a leading cause of end-stage renal disease and is the major cause for diabetic disability and mortality [1] [2] [3] [4] [5] [6] . It also negatively affects patient's quality of life and their social environment, and it poses a significant burden on national healthcare budgets [7] .
DN is characterized by a long period of clinical silence without significant signs or symptoms. Once diabetic patients develop persistent proteinuria, the condition often becomes irreversible, usually leading to endstage renal failure [8] . Therefore, pathogenesis and diagnosis of early stage DN remain key concerns for basic and clinical research.
Multiple factors, including glucose metabolism, oxidative stress, renal hemodynamic changes, cytokines, and genetic predisposition, may contribute to the development of DN [9] [10] [11] . To more fully understand the mechanisms involved in the pathogenesis of DN, various proteomic strategies have been applied to the pathophysiological study [12] [13] [14] . Since most studies only focus on urine or renal cortex, to obtain global proteomic profile in glomeruli, which are the functional units of the kidney, we investigated the expression of glomerular proteins in spontaneous type-2 diabetic KKAy and C57BL/6 control mice by using 2-dimensional differential gel electrophoresis (2D-DIGE) and matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometric analyses. The changes in glomerular proteins during early-stage DN were observed.
Material and Methods

Animals
Male KKAy mice (8 weeks of age, n=20) were purchased from the Laboratory Animal Science Institute, Chinese Academy of Medical Sciences. Male C57BL/6 mice (8 weeks of age, n=20), which made up the study control group, were purchased from the Laboratory Animal Center, China Medical University. Mice were individually housed in plastic cages and were fed a high-fat diet (58% fat, 25.6% carbohydrate, 16.4% protein). Mice had free access to food and tap water throughout the experimental period. All mice were maintained in a temperature -(23±3°C) and humidity -(50±20%) controlled room (China medical university, Laboratory Animal Center SPF rodent housing facility) with a regular 12-h light/dark cycle according to the Chinese National Standard (GB 14925-2001) . All experiments were approved by the local animal research ethics committee.
Reagents
Collagenase A was purchased from Roche (Roche Diagnostics, Germany). The 2-D Clean-Up Kit and Ettan TM 2-D Quant Kit were purchased from GE (GE Healthcare, USA). Dynabeads M-450 Tosylactivated and magnetic particle concentrator were purchased from Dynal (Dynal A.S., Norway). Cell strainers (100-μm) were purchased from BD (BD, USA). Mouse Albumin and Creatinine ELISA Kits were purchased from RB (RB, USA). Immobilized non-linear pH gradient (IPG) strips, Cyanine dyes Cy2, Cy3, Cy5, and Amersham™ Deep purple total protein stain were purchased from GE. Rabbit polyclonal antibody to Prohibitin (ab28172) and Rabbit polyclonal antibody to Annexin A2 (ab75932) were purchased from Abcam.
Phenotypic characterization
At 20 weeks of age, body weight and random glucose levels of KKAy mice and C57BL/6 mice were measured. An automatic biochemical analyzer was used to detect serum creatinine and blood urea nitrogen levels, and an ELISA kit was used to measure urine albumin and urine creatinine levels.
Isolation of mouse glomeruli and sample preparation
Glomeruli of mice were isolated from KKAy mice and C57BL/6 mice at 20 weeks of age. Briefly, kidneys were perfused with ice-cold PBS via abdominal or thoracic aorta to remove any remaining blood from the blood vessels. Next, Dynabeads in a concentration of 4×10 6 /ml PBS were perfused into the kidney at a constant rate of 7.4 ml/min/g kidney. Kidneys were removed, minced, and digested in collagenase A (1 mg/ml) for 30 min at 37°C with gentle agitation. The digested tissue was pressed through a 100-μm cell strainer, followed by intermittent flushing using ice-cold PBS. The filtered suspension was centrifuged at 200×g for 5 min under a stable temperature of 4°C. After the supernatant was discarded, the pellet was dissolved in 2 ml of PBS, and transferred to a 2-ml tube. Glomeruli that contained Dynabeads were separated from renal tubules by a magnetic particle concentrator. To remove the Dynabeads, the extracted glomeruli were lysed in a 2-DE lysis buffer (7M urea, 2M thiourea,
, and sonicated (30 Hz, 4×5 s pulses on ice). The lysates were subsequently centrifuged at 12 500×g for 10 min at a temperature of 4°C. The glomeruli protein was purified according to the instructions of the 2-D Clean-Up Kit, and protein concentration was determined using the Ettan TM 2-D Quant Kit. The samples were stored at -70°C. With the exception of the collagenase digestion, the entire procedure was performed on ice.
Fluorescence labeling (minimal labeling) with CyDyes
Protein samples were labeled with CyDyes (dissolved in N,Ndimethylformamide) according to the manufacturer's instructions (GE Healthcare). Typically, 50 μg each of soluble protein samples from glomeruli of 20-week-old C57BL/6 mice and 20-week-old KKAy mice were labeled with 400 pmol of either Cy3 or Cy5, respectively. An internal standard (50 μg), which is the equivalent mixture of all glomerular protein samples in the study, was simultaneously labeled with 400 pmol of Cy2 on the same 2-D gel. Labeling reactions were performed on ice in the dark for 30 min. Subsequently, the reaction was quenched with 1 μl of 10 mM lysine for 10 min under the same conditions.
Two-dimensional differential gel electrophoresis (2D-DIGE)
Cy3-, Cy5-, and Cy2-labeled samples (total 150 μg) and preparative samples for later protein identification (600 μg) were After the first dimension, each strips was equilibrated in 10-ml equilibration solution-1 (6M urea, 75 mM Tris-HCl pH8.8, 29.3% glycerol, 2% sodium dodecyl sulphate[SDS], 0.002% bromphenol blue, 100 mg DTT) and 10-ml equilibration solution-2 (6M urea, 75 mM Tris-HCl pH8.8, 29.3% glycerol, 2% SDS, 0.002% bromphenol blue, 250 mg iodoacetamide) for 15 min at room temperature. After equilibration, the strips were individually overlaid on 12.5% polyacrylamide gels and immobilized with 0.5% agarose in a buffer of 1×Laemmli SDS buffer (25 mM Tris, 192 mM glycine, 0.1% [W/V] SDS) run at 2 W/gel using Ettan-DALTsix system (GE Healthcare).
Image analysis
After completion of 2-dimensional gel electrophoresis, the CyDyes-labeled images were scanned using a Typhoon TRIO scanner (GE Healthcare). Images were analyzed by using DeCyder™ 2-D Differential Analysis Software 6.5 (GE Healthcare). The DeCyder differential in-gel analysis (DIA) module was used for pairwise comparisons of each 20-week-old KKAy mice glomerular sample and 20-week C57BL/6 mice glomerular sample to the internal standard present in each gel and for simultaneous comparison of 20-week-old KKAy/C57BL/6 abundance. The DeCyder biological variation analysis (BVA) module was then used to simultaneously match all 9 protein-spot maps from 3 gels which dyed samples with crossed Cy3-and Cy5-dyes, and using the Cy3: Cy2 and Cy5: Cy2 DIA ratios. Statistical analysis of differences between the 2 groups was done using the paired t test and the level of statistical significance was set at p<0.05. The software automatically generated a list of differentially expressed proteins, including fold change, and these differentially expressed proteins were further identified by mass spectrometry.
Deep purple post-staining
Gels were fixed for 2 h in 7.5% (v/v) acetic acid and 10% (v/v) methanol, and washed twice in 35 mM NaHCO 3 and 300 mM Na 2 CO 3 for 15 min per cycle. The total protein was stained with deep purple dye for 1 h in the dark. Next, post-stained gels were washed twice in 7.5% (v/v) acetic acid and subsequently imaged by a Typhoon 9400 scanner. Post-stained images were matched with CyDyes-stained images using DeCyder™ 2-D Differential Analysis Software, and the chosen spots were picked by use of an Ettan spot picker (GE Healthcare).
In-gel tryptic digestion
The selected gel particles in 96-well plates were washed twice with deionized water, dehydrated with acetonitrile (ACN), extracted with 25 mM NH 4 HCO 3 , and dehydrated again with ACN. Subsequently, trypsin (Promega, USA) was added for at least 1 h while on ice, followed by an overnight addition of 25 mM NH 4 HCO 3 at 37°C.
Mass spectrometric analysis for protein identification
Each trypsin-digested sample was spotted on an MTP Anchorchip™ target (Bruker Daltonics, Germany). Once the samples were completely dried, 1.1 μl of matrix (4 mg 4-hydroxy-alpha-cyanocinnamic acid dissolved in ACN: 0.1%TFA [7:3] ) was also spotted. Tryptic peptides were identified by MALDI-TOF mass spectrometry (Bruker Daltonics) using peptide fragments of assorted lengths as the internal standard. Detailed analysis of peptide mapping fingerprint data was performed by flexAnalysis™ 3.0, and protein identification was performed by searching the Swiss Prot database using the MASCOT engine.
Western blot
Glomerular proteins isolated from 20-week-old KKAy and C57BL/6 mice were mixed with a 5×Laemmli sample buffer and boiled for 5 min. Subsequently, 30 μg of total proteins were loaded onto a 10% SDS-PAGE for separation. Proteins were transferred to a polyvinylidene fluoride membrane, which was treated with antibodies, and blocked with 5% milk/TBS. The antibody detection system consisted of a rabbit polyclonal antibody to prohibitin (1:1000 dilution), annexin A2 (1:1000 dilution), and HRP-conjugated anti-rabbit antibody. b-actin was used as internal control. Using MF-ChemiBIS 3.2 and ImageJ software, the Western blot images were captured and analyzed.
Immunohistochemistry
Paraffin sections were deparaffinized with xylene and rehydrated in a graded alcohol series. Tissue sections were treated with 3% H 2 O 2 at room temperature for 10 min, followed by overnight incubation with anti-prohibitin (1:250) and anti-annexin A2 (1:250) antibodies at 4°C. Finally, the tissue sections were incubated with peroxidase-conjugated goat anti-rabbit antibody, developed with diaminobenzidine as the chromogen, and counterstained with hematoxylin. Twenty-five glomeruli in each group were observed, and semi-quantitative analysis 
Results
Phenotypic characterization
As shown in Table 1 , body weight and random glucose levels at 20 weeks of age were both significantly higher in KKAy mice than in age-matched C57BL/6 control mice (P<0.05). The urinary albumin/creatinine ratio of KKAy mice at 20 weeks of age was significantly higher than that of the C57BL/6 control group (P<0.05). Blood creatinine and blood urea nitrogen levels were not statistically different between the 2 groups. Pathological lesions in 20-week-old KKAy mice were increasing in glomerular area under a light microscope, including glomerular basement membrane thickening, and segmental and diffuse mesangial expansion. Glomerular basement membrane thickening with fused foot processes were also observed under an electron microscope [15] . Table 2 . Up-regulated glomerular proteins in KKAy mice.
Proteomic profile in glomeruli of diabetic KKAy mice
"K20/C20" represents 20-week-old spontaneous type-2 diabetic KKAy mice vs. 20-week-old C57BL/6 mice. Protein score is -10*Log(P), where P is the probability that the observed match is a random event. Protein scores greater than 55 are significant (P<0.05).
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Indexed This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported License analysis of MALDI-TOF mass spectrometry, 19 differential protein-spots of mice glomeruli were identified (Figures 1 and 2) . Among the glomerular differential proteins, there were 17 proteins significantly up-regulated and 2 proteins significantly down-regulated in KKAy mice (Tables 2 and 3 ).
Western blot analysis of annexin A2 and prohibitin in glomeruli
Western blot analysis showed that the glomerular expression of annexin A2 and prohibitin were up-regulated in 20-week-old KKAy mice in comparison to C57BL/6 control mice (Figure 3 ). Table 3 . Down-regulated glomerular proteins in KKAy mice.
"K20/C20" represents 20-week-old spontaneous type-2 diabetic KKAy mice vs. 20-week-old C57BL/6 mice. Protein score is -10*Log(P), where P is the probability that the observed match is a random event. Protein scores greater than 55 are significant (P<0.05). Immunohistochemical analysis of prohibitin and annexin A2 in glomeruli In glomeruli, both prohibitin and annexin A2 were expressed at higher levels in KKAy mice than in C57BL/6 mice ( Table 4) .
Discussion
The purpose of this study was to identify proteins closely associated with early-stage DN. The KKAy mice, produced by the transfer of the yellow obese gene (Ay) into KK mice, become obese, hyperglycemic, hypertriglyceridemic, and hyperinsulinemic. Furthermore, after 16 weeks of age, these mice were found to develop typical proteinuria, glomerular mesangial matrix accumulation, and glomerular basement membrane thickening. Thus, the spontaneous type-2 diabetic KKAy mice are considered to be an ideal animal model for studying early-stage DN [16] [17] [18] [19] [20] .
Glomeruli are the major target of injury in diabetic nephropathy [21] . However, because of the limitation in methodology and the demand of protein quantity, most proteomic studies about DN using mouse models only focused on whole kidney or renal cortex [22, 23] , and the glomerular proteome was rarely reported. In our study, by using Dynabeads perfusion, we successfully isolated mouse glomeruli with high purity [24] . By using 2D-DIGE and MALDI-TOF mass spectrometric analysis, we attained 19 differentially expressed glomerular proteins between KKAy mice and C57BL/6 mice. Out of these 19 proteins, 17 were up-regulated and 2 were down-regulated in KKAy mice. Among them, prohibitin and annexin A2 were up-regulated.
Prohibitin was named for its ability to inhibit cell proliferation. It is a pleiotropic protein in the cell, which has been implicated in the maintenance of mitochondrial function, protection against senescence, and also has been found to participate in the regulation of proliferation, apoptosis, transcription, and as a cell-surface receptor [25] [26] [27] [28] . Shi et al. [29] analyzed the antiproliferative activity of prohibitin in children with nephritic syndrome, and results showed that serum prohibitin was significantly increased in children with kidney diseases and were positively correlated with the degrees of renal glomerular and interstitial damage. Research has identified that prohibitin may be a potential therapeutic option for treatment of diseases associated with increased oxidative stress and mitochondrial dysfunction, such as insulin resistance/type 2 diabetes, obesity, and cancer [30] .
Prohibitin could interact with annexin A2, ie, annexin A2 was found with prohibitin as prey [31] . Annexin A2 belongs to a family of calcium-dependent, phospholipid-binding proteins [32, 33] . It was first identified as an intracellular protein and attributed to intracellular functions, while extracellular annexin A2 has also been found in several tissues as both soluble and membrane-bound protein and has attracted increasing attention in recent years [34] . Extracellular annexin A2 is a co-receptor for plasminogen and tissue plasminogen activator on endothelial cells, and is one of the molecules required to maintain the anti-thrombogenic properties of endothelial cells. Ishii et al. [35] administered recombinant annexin-2 protein (rAN II) to KKAy mice; albuminuria and histological glomerular lesions were significantly milder without influencing the coagulation system. Cell surface annexin A2 is a high-affinity receptor for large Tenascin C splice variants, and may play a crucial role in the interaction between cells and the extracellular matrix [36] . 
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In our study, we found that prohibitin and annexin A2 were up-regulated in glomeruli in diabetic KKAy mice. Prohibitin could interact with annexin A2, and the interactions between prohibitin, annexin A2 seem to be regulated in a Ca 2+ -dependent manner, and addition of Ca 2+ blocked the association of the 2 proteins, which are both cell-surface receptors. Baran et al. [37] reported that annexin A2 may serve as a receptor for rapid actions of 1alpha, 25-dihydroxyvitamin D(3). Mooso et al. [38] demonstrated that prohibitin participates in the regulation of the reaction of vitamin D receptor to calcitriol (1,25(OH)(2)D3) in prostate cancer. Further studies on the up-regulation of prohibitin and annexin A2 participate in the mechanism relative to vitamin D insufficiency during early-stage DN might aid in understanding the pathophysiologic mechanism of DN. Although proteomic analysis is one of the most powerful and useful tools in the detection of novel proteins in kidney diseases, it requires further mechanical analysis of the results.
Conclusions
Our study identified 19 differentially expressed glomerular proteins in diabetic KKAy mice vs. C57BL/6 control mice. Prohibitin and annexin A2 were significantly up-regulated in glomeruli of KKAy mice. These results can be utilized as a database for analysis of protein expression during early-stage DN, and further studies on prohibitin and annexin A2 might yield new insights into the pathogenesis of DN.
